Intermittent plasma structures featuring higher pressure than the surrounding plasma, and responsible for ~50% of the ExB T radial transport, are observed in the scrape off layer (SOL) and edge of the DIII-D tokamak.
Introduction
A magnetic divertor 1 in a tokamak provides heat and particle exhaust and shields the main plasma from impurity contamination. Heat and particles are transported from the plasma core to the edge and scrape-off layer plasma, where they are, in turn, conducted and convected to the divertor, which is optimized to reduce structural damage and impurity release. The balance between parallel and perpendicular transport results in a SOL which is thin compared to its length 1 and the observed SOL profiles are mostly exponential 2 with short (1-3 cm) decay lengths. However, there is ample 3, 4, 5 evidence that the SOL profiles are sometimes wider than usual and non-exponential and flat far away from the LCFS, suggesting that perpendicular transport in these conditions can be larger than expected.
A candidate for the additional edge/SOL transport, intermittency in the fluctuations corresponding to a significant number of events above the standard deviation, has been documented extensively in linear devices 6, 7 , stellarators 8 and tokamaks 9, 10, 11 and its statistical properties examined 12 via the probability distribution function 13 (PDF). The essential result is that the fluctuations depart from Gaussianity, featuring Skewness 13 and Kurtosis 13 that correspond with the presence of a significant number of events above the standard deviation. Furthermore, it has been proven in tokamaks (JET) and stellarators 14 (ATF, W7-AS) that the statistical properties of the fluctuations are alike and nearGaussian in the shear layer while deviating from Gaussianity into the edge or the SOL 14 .
The intermittent events have been characterized using conditional averaging tools in both linear devices 7, 6 and tokamaks 15 , with the result that structures propagating radially are responsible for much of the radial transport. Recent work in the CASTOR tokamak 16 , using conditional averaging reported intermittent coherent structures propagating radially and poloidally in the SOL. Comparative work at the devices TJ-I and TJ-IU, concluded that intermittency bears a substantial part of the transport and most importantly, that the 3 various properties of the intermittency (power spectra, PDF moments, etc) are selfsimilar in tokamaks and torsatrons. Recent work in the JET tokamak 17 focused on the power spectra of the fluctuations, demonstrating that decay as 1/f was localized in the spectral region where intermittent (or bursty) transport is dominant and interpreting the result as an indication of closeness to instability thresholds. Therefore, the universality of intermittency and the concomitant fast convective transport has been long established 6,18 ,19,8 and there is an extensive body of work imaging the edge of various devices with fast cameras 20, 21 with the result that moving plasma filaments exist in the edge/SOL. In summary, work over the years has accumulated overwhelming evidence that moving, intermittent coherent structures are convected in the edge/SOL of magnetically confined plasmas and that they can carry a large amount of the total transport.
This paper presents results from various diagnostics, probes in particular, demonstrating that fast, intermittent, convective transport perpendicular to B can be present in DIII-D, accompanied by the usual non-Gaussian characteristics in the fluctuations. It is also shown that this intermittent transport is responsible for nearly 50%
of the transport in both L and H-mode conditions. Although the source of the intermittency is not addressed in this paper, the point made is that the intermittent transport can change the particle and heat load distribution, and consequently the recycling, at the walls. Furthermore the far SOL profiles are found to be flat, questioning the role of diffusion and supporting convection as the alternative mechanism. These finding have multiple consequences for future fusion reactor design and therefore there is strong motivation to investigate the conditions under which large cross-field convective transport exists in the SOL and its relation to intermittency.
Experimental Setup
The experiments were carried out on the DIII-D tokamak 22 in a variety of discharges with plasma current I p = 1.0 MA and toroidal field of B T = 2.0 T at R = 1.7 m . . For completeness, a brief survey of discharges with neutral beam heating power of up to 2 MW, featuring both low (L) and high (H) confinement modes, with double and singlenull divertor geometry (at the bottom of the vacuum vessel) and with standard and reversed B T directions were investigated. Otherwise identical H and L mode discharges, shown in Fig. 1 , were analyzed in particular detail for comparative studies. In some discharges, the density was increased in a stepwise manner, as shown in Fig. 1 and floating potential, Φ f . Τ hose measurements are used to infer electron temperature, T e , by using the harmonic method 24 , the electron density, n e , by using the equation above and the poloidal electric field,
, for tips separated a distance δ , with time resolution down to 1.0 µs. The calculation of E θ assumes that the temperature and sheath drop are identical in both tips and that the intermittent objects are larger than the separation between the tips, the last assumption is justified later using BES data. The plasma potential V p was calculated as V p~Φf +3.0kT e . The probe scans horizontally from the outside wall in approximately 250 ms along the path indicated in Fig. 2 . The
Thomson scattering system, also shown in Fig.2 , provided independent T e and n e measurements at 12 locations separated by 2-3 cm every 12 ms. The beam emission spectroscopy (BES) system, configured as a 5x6 fiber array as seen in Fig. 2 , was located at the edge of the plasma in the midplane to provide fast (1µs) 2-D imaging of the density. The measurements taken along the probe insertions are mapped onto the magnetic surfaces, displayed in Fig. 2 , calculated by the toroidal equilibrium fitting code EFIT 25 .
Results: General Characterization of the Intermittency
The probe signals for I sat , V f , E θ and I sat E θ are shown in Fig. 3 for an interval 1 ms long for standard B T , L-mode discharges. The intermittent objects appear at a rate of 1-4 10 3 s -1 . The product of I sat E θ is straightforward to calculate from raw probe data and is a quantity between radial particle ( n V n E B It is worth commenting that the conditional averaging technique with a window of 100 µs is applied to 20-40 events and therefore it averages over frequencies that are higher than the time scale of the pulse (or correspondingly, to structures that are smaller than the selected scale, which is in this case ~2 cm). Simultaneously, lower frequencies or larger spatial scales will appear as a DC offset in the selected window. The window used in the calculations presented in this paper has been determined through trial and error.
The asymmetry that the intermittency conveys to the various signals (i.e bursts are always positive in I sat ) affects their statistical characteristics and introduces a deviation from Gaussianity that translates into a skewness 13 of ~1 in the I sat signal, as shown in Figure 5 . Notice that the statistics for both the L and H-mode show significant skewness.
The object's radial convection velocity, v E =E×B/B 2 can be easily calculated from E θ and the local value of B t at the measurement location (~15 kG). The validity of this measurement depends on T e being similar in both poloidally separated tips, which is equivalent to stating that the gradient scale length of the object's internal field is greater than the distance between tips. As we will show later and support with BES measurements, the objects are ~3 cm x 3 cm in size and thus much larger than the 3 mm distance between the tips. The assumption here is that the various quantities associated with the objects (in this case density and temperature) are of similar spatial scale. Once their radial velocity is estimated, their radial extent can be calculated from
where ∆t is the duration of the bursts. The calculations, shown in Table I , show that the objects start with a velocity of ~2600 m/s at the separatrix and slow down to about 330 m/s at the wall (10 cm farther) and their size starts as roughly 3-4 cm, shrinking to 0.5 cm.
The poloidal velocity of the objects can be calculated using two techniques, namely time-lag correlation and time-delay of conditionally averaged signals from the two poloidally-separated tips. A comparison of the techniques, and the E r xB velocity, is shown in Fig. 6 . All techniques show a fast decay of the poloidal velocity away from the LCFS into the SOL, however the velocity inferred from the time-delay technique, V del , is much higher than those inferred from the correlation technique, V corr , and the E r xB velocity. Furthermore, the poloidal velocity inferred from the BES diagnostic (marked as a large open circle in Fig. 6 ) agrees with the time-delay technique. Although the issue is still being debated, the data seems to indicate that the intermittent features move faster than the background plasma, which is the velocity that E r xB and time-lag correlation tend to be sensitive to. The data is consistent with a poloidal object size of about ~3cm.
More can be learned about these objects by studying their temperature distribution. A fast T e diagnostic 26 with bandwidth of 250 kHz and thus able to resolve the temperature inside the structures is used. The results from conditional averaging of the T e trace, shown in Fig. 7 , indicate that the temperature in these objects ( Fig. 7-a) at 150 eV is nearly 3 times that of the background (50 eV) and their potential ( Fig. 7-d measurements, the only assumption is that we can resolve the temperature in these objects fast enough and that the plasma potential can be written as V p ≈V f + 3kT e .
Results: Evidence from Other Diagnostics
The data from the probes indicates that events greater than 2 times the rms level of the I sat or T e signals are not uncommon in these highly intermittent discharges, and Further support is obtained from the BES diagnostic, which consists of a fiber array that covers a 6 cm x5 cm region at the edge plasma as shown in Fig. 2 . Two frames taken at an arbitrary time t 0 and 6 µs later (t 0 +6 µs) are shown in Fig. 7 , indicating the LCFS by a vertical solid line. A positive density feature is marked by a dashed circle and followed through the 6 frames; in both frames and their center is indicated by dashed lines. Notice that the object has a spatial extent of roughly 2 cm x 2 cm. From the two frames it is clear that the object is moving poloidally and radially with speeds that can be easily estimated at V θ =5 km/s and V r =1500 m/s which compare well to probe data.
Results: L-H mode comparison
Intermittency data from discharges in L and H-mode that are otherwise identical, as seen in and their cross-correlation. ƒ Γ r is plotted in Fig. 13 for the same L and H-mode conditions, indicating a large reduction of the total ExB transport during H-mode and it is important to consider this data in the framework of Fig. 12 showing that the intermittent structures fraction of the total transport is constant and thus strongly suggests that the intermittency is part of the Density profiles from Thomson Scattering in the SOL, normalized to the value at the LCFS, are shown for L and H-mode discharges in Fig. 13 , showing a clear difference in the profile decay length near the LCFS (0.5 cm H-mode to 1.3 in L-mode) but that in the far SOL the profile is quite flat while the particle density is significant. It is problematic to invoke diffusion as the radial transport mechanism in the far SOL if the density gradient is zero and thus convection needs to be called upon. However, the quick reduction in the amplitude of the bursts and concomitant fast decay of the density profiles is not in contradiction with a strong particle sink in the divertor for the conditions considered.
Test of Simple Dynamical Model
A simple model can be built
39
, as illustrated in Fig. 14 , for the dynamics of these plasma structures under the assumption that the radial motion is based on the polarization caused by ∇B and magnetic field curvature 40 and associated r r E B × T drift, then an estimate can be made of both velocity of the filaments and radial distances they can propagate before disappear due to parallel plasma particle loss. If this hypothesis is correct, reversal of B would result in an inversion of E θ while maintaining the outwardly radial E×B/B 2 velocity. Discharges that feature opposite signs of B T , but are otherwise identical, were investigated and the result of conditional averaging is shown in Fig. 15 . A reversal in E θ is clearly correlated to a reversal in B T , thus transport would still be outward, supporting, although not proving, the ∇B polarization mechanism.
Conclusions
Intermittency in the boundary of the DIII-D tokamak during L and H-mode discharges has been analyzed using conditional averaging and the associated radial transport interpreted in the framework of ExB T driven structures. The results show that the structures exist in both L and H-mode and feature higher density, temperature and potential than the surrounding plasma and travel radially, transporting particle and heat into the far SOL. Although the structures carry more particles in L-mode, their relative contribution to particle transport is evaluated at ~50% of the total E×B transport in all the conditions considered. The structures slow down quickly and lose particles as they move out into the far SOL. Therefore, detailed research to investigate the origins of the structures and conditions under which they appear is paramount. 
